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t ABSTRACT 5'-Deoxy-5'-methylthioadenosine phosphor- 
ylase (methylthioadeno-sine: ortho-phosphate methylthiori- 
bosyltransferase, EC 24.2.28; MTAP) plays a role in purine 
and polyamine metabolism and in the regulation of trans- 
methylation reactions. MTAP is abundant in normal cells but 
is deficient in many cancers. Recently, the genes for the 
cyclin-dependent kinase inhibitors pl6 and pl5 have been 
localized to the short arm of human chromosome 9 at band 
p21, where MTAP and interferon a genes (IFNA) also map. 
Homozygous deletions of pl6 and pl5 are frequent malignant 
cell lines. However, the order of the MTAP, pi 6, pi 5, and IFNA 
genes on chromosome 9p is uncertain, and the molecular basis 
for MTAP deficiency in cancer is unknown. We have cloned the 
MTAP gene, and have constructed a topologic map of the 9p21 
region using yeast artificial chromosome clones, pulse-field 
gel electrophoresis, and sequence-tagged-site PCR.The A/7XP 
gene consists of eight exons and seven introns. Of 23 malig- 
nant cell lines deficient in MTAP protein, all but one had 
complete or partial deletions. Partial or total deletions of the 
MTAP gene were found in primary T-ceil acute lymphoblastic 
leukemias (T-ALL). A deletion breakpoint of partial deletions 
found in cell lines and primary T-ALL was in intron 4. 
Starting from the centromeric end, the gene order on chro- 
mosome 9p21 is pi 5, pi 6, MTAP, IFNA, and interferon /5 gene 

- -(IFNB). These results indicate that MTAP deficiency in cancer 
is primarily due to codeletion of the MTAP and pl6 genes. 



5 '-Deoxy-5 '-methylthioadenosine phosphorylase (methylthio- 
adeno-sine: ortho-phosphate methyl thioribosyltransf erase, EC 
24.2.28; MTAP) is abundant in all normal tissues (1). The 
substrate for this enzyme, methylthioadenosine (MTA), inhib- 
its the aminopropyltransferases that synthesize polyamines 
from putrescine and decarboxylated 5-adenosylmethionine 
(2), and also impairs 5-adenosylmethionine dependent trans- 
methylation reactions (see ref. 3 for review). MTAP normally 
prevents the inhibition by cleaving MTA to adenine and 
5'-methylthioribose L-phosphate, that are recycled to adenine 
nucleotides and methionine, respectively (4, 5). 

MTAP deficiency is common in human and murine malig- 
nant cell lines (1, 6). The abnormality is not confined to tissue 
culture cells, but is also present in primary leukemias, gliomas, 
and nonsmall cell lung cancers (7-9). All enzyme negative cell 
lines lack immunoreactive MTAP (8). In contrast, MTAP- 
deficient cell lines generated by deliberate mutagenesis and 
selection contain antigenic enzyme protein (10). Collectively, 
these results suggested that naturally occurring MTAP defi- 
ciency was the result of structural aberrations in the MTAP gene. 

Several years ago, the locus for MTAP gene was mapped to 
the short (p) arm of human chromosome 9 by using somatic cell 
hybrids (11). Deletions and translocations of chromosome 9p 
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are frequent in human tumors and are especially common in 
gliomas (12, 13), melanomas (14), nonsmall cell lung cancers 
(15, 16), and acute leukemias (17, 18). Recent studies have 
shown that chromosome 9p21 contains the pi 6 inhibitor (also 
designated MTS1) and the pi 5 inhibitor (also designated A/752) 
of cyclin-dependent kinases 4 and 6 (19, 20). The pi 6 and pi 5 
genes are homozygously deleted in many different malignant cell 
lines (19, 20) as well as in many primary gliomas (21, 22), acute 
leukemias (23-25), and pancreatic carcinomas (26). 

Malignant cell lines established from malignant tumors with 
chromosome 9p21 deletions are frequently MTAP deficient (8, 
9, 13). In this report, we described the structure and localiza- 
tion of the MTAP gene in relation to the pi 6 and p!5 
cyclin-dependent kinase inhibitors. The results indicate that 
MTAP deficiency in malignancy results from total or partial 
deletions of the MTAP gene, which is closely linked to the pi 6 
and pi 5 genes. 

MATERIALS AND METHODS 

Tumor Cell Lines. Tumor cell lines were obtained from the 
American Type Culture Collection and from M. O. Diaz 
(University of Chicago). Hybrid cell line J640-51 was a gift of 
C. Jones (Eleanor Roosevelt Institute for Cancer Research, 
Denver) and contains human chromosome 9 on a Chinese 
hamster background. 

Patient Samples. Mononuclear cells were prepared from 
peripheral blood of patients with T-cell acute lymphoblastic 
leukemia (T-ALL) enrolled in Pediatric Oncology Group 
protocol (POG #8862). 

Preparation and Analysis of DNA from Cell Lines and 
T-ALL Patients. Genomic DNA was purified from cell lines 
and leukemic cells from T-ALL patients by standard methods. 
The PCR was usually carried out in a total volume of 20 p\, 
containing 0.1 pug of genomic DNA, lx PCR buffer (10 mM 
TrisHCl, pH 8.3/50 mM KCI/1.5 mM MgCl 2 /0.01% gelatin), 
200 jllM of each dNTP, 20 ng each sense and antisense primers, 
and 0.5 units of Taq DNA polymerase (Boehringer Mann- 
heim). Thirty cycles consisted of 94°C denaturation (1 min), 50 
or 55°C annealing (1 min), and 72°C extension (1 min). For 
PCR amplification of pl6 and pi 5, formamide was added at 
5% to the reaction mixture described above, and reactions 
were cycled 35 times at 94°C for 1 min and 68°C for 3 min. The 
amplified products were resolved on 2% Metaphor agarose 
gels (FMC). For Southern blot analysis, DNA was digested 
with EcoRl, separated by agarose gel electrophoresis, and 
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Table 1. 


Oligonucleotides for PCR amplification of the chromosome 9p markers 










Product 


Marker 


Sense primer 


Antisense primer 


size, bp 


pl5xl 




S ' - A TP ATG A PCTG G ATCGCG CG CCTCCCG A A A - V 


179 


71F 


S '-G CTT A flTTTT A fi A G G GTG AT- 1 ' 

J VJV^ J 1 A\ vj 1111 r\\J rWjyj VJ 1 \jrt I J 


S'-AGrAGTTrTTATGAGTGATG-V 

■J t\ VJ v_ A\ VJ 1 IL 1 1 r\ I vJ/A VJ i \Jr\ 1 U J 


327 


pl6xi 


v -tggctggtcaccagagggtgggg-v 

J 1 vJvJVw I VJ VJ 1 V—/i V^.V_/AVJ A\VJ UvJ 1 VJVJVJVJ-J 


S ' -TG C A A A CTTCGTCCTCC AG A GTCG CC- 1 ' 

J - 1 VJ V_/A A\ AAVw 1 1 V_ VJ 1 VwV^ J V_./A VJ/A VJ I v^VJ V_V_^ J 


300 


2F 


s'-TfiAfiA ArTAGAnrrTrifiA ag-v 


s ' . a a rrrTrrTTf a a atptgta-^' 

J -/A/A V_,\^V^<- I V_V_, 1 I V_/A r\ /A I L 1 VJ 1 /A J 


248 


3.21 


v Ann ATPiTTn a a ggg a pattg.t 


S'.TGTGTTGTGGAGGTrTGTGG-T 


200 


MTAPX1 


r,r,r.r; agg a agagh aggahtpa ag v 


V A AG A AG A ATGGGGGAGGGGG A AGG *\ f 


237 


MTAPX2 


5'-ATTGGAATAATTGGTGGAACAGGC-3' 


5'-CCAGCAACAGAATGAGAAGTGAT-3' 


338 


MTAPX3 


5-CAGTCTACCATCAGAGTTCCT-3' 


5'-TGGCAAGGAGGACGCAATC-3' 


341 


MTAPX4 


5'-CTCTAGGAGAAAACAGTTGGTG-3' 


5'-GACCAGCTACAATAGCCTAAAG-3' 


271 


MTAPX5 


5 ' -G ACCTAGATA A AGTTG ACTC-3' 


5'-TACACCTTCCAGAAAGACTA-3' 


220 


MTAPX6 


5 ' -AGTTGTGCATGTGCTAGTAT-3 ' 


5'-ACCCATGCTATATGTGCTTA-3' 


328 


MTAPX7 


5 ' - AGTTCTAGTA ACCTCCAGTG-3' 


5'-CTACAGACATGCCTGATTGT-3' 


194 


MTAPX8 


5'-GTGAATATCACTGCCTCCTT-3' 


5 ' - GCTTTTCTTCTGTATTTTAG-3 ' 


273 


3.3B 


5'-GGGAAGAGACCACACATATA-3' 


S'-ACTCATACAGCTTGCTGGTT-S' 


238 


IFNA8 


5 ' - ACCCTTCT AG ATG A ATTCTA-3 ' 


5 ' -GGTCTC ATTCCTTACTCTTC-3 ' 


269 


IFNB 


5'-GGCACAACAGGTAGTAGGCG-3' 


S'-GTAACCTGTAAGTCTGTTAAT-S' 


592 



transferred to Hybond-N + nylon membranes (Amersham). 
Blots were probed with MTAP cDNA as described (20). 

cDNA and Genomic Cloning of the MTAP Gene. Briefly, the 
MTAP protein was purified from rat liver and was microse- 
quenced to obtain the partial sequences of three tryptic 
peptides. Oligonucleotide primers were synthesized based 
upon the peptide sequences and were used to PCR amplify a 
fragment from a human placenta cDNA library (Clontech). 
The resulting products were subcloned and sequenced. The 5' 
end of cDNA was obtained by rapid amplification of cDNA 
end. The cDNA sequence was found to be identical to that 
recently reported by other investigators (27). 

For genomic cloning, human placenta AFIX II (Stratagene) 
and human chromosome 9-specific (American Type Culture 
Collection) phage libraries and a cosmid library (Stratagene) 
were screened with the Pst\-EcoR\ fragment of MTAP cDNA 
as described (20). After three cycles of screening, DNA was 
purified from phage and cosmid clones, digested with either 
EcoRl or Hindlll (in conjunction with Not! in the case of the 
AFIX II and cosmid clones), and then was subcloned into 
pBluescript. If necessary, smaller fragments hybridizing to the 
MTAP cDNA probe were gel-purified and subcloned. 

Yeast Artificial Chromosome (YAC) and PI Clones. YACs 
were obtained by PCR screening of human YAC library pools 
(Research Genetics, Huntsville, AL) with sequence tagged 
sites (STS) from chromosome 9p [interferon or-8 gene 
(1FNA8), 3.3B, 71F, TC3, and 7.7]. Positive YAC clones were 
grown at 30°C for 2 days with shaking at 2000 rpm in YPD 
medium [yeast extract (10 g/liter)/bactopeptone (20 g/li- 
ter)/2% (wt/vol) dextrose]. Yeast DNA was prepared as 
described (28). 

PI clones were obtained from Genome Systems (St. Louis) 
after PCR screening with sets of primers that we provided. The 
DNA inserts were isolated by alkaline lysis, rescued in plas- 
mids, and subcloned according to the supplier's protocols. 

Pulse-Field Gel Electrophoresis (PFGE) Analysis. Agarose 
plugs containing DNA from cultured cells were prepared by 
mixing 1% InCert agarose (FMC) in 0.01 M phosphate, 0.15 
M NaCl (pH 7.4) (PBS) prewarmed at 42°C with an equal 
volume of fresh cells suspended in PBS at a density of 2 X 
10 7 /ml. The agarose-cell mixture was dispensed immediately 
into a plug mold in 100 ^tl aliquots. Plugs were subsequently 
treated with proteinase buffer [0.5 M EDTA, pH 8.0/1% 
(wt/vol) sodium lauroyl sarcosinate (Sigma)/2 mg of protein- 
ase K per ml (BRL)] for 48 h at 50°C Then the plugs were 
washed three times at room temperature, with sterile TE 
buffer (10 mM Tris*HCI/l mM EDTA, pH 8.0) and then twice 
with TE buffer containing 40 mg of phenylmethylsulfonyl 



fluoride per ml at 50°C. After washing with sterile TE buffer, 
the plug was digested overnight in a 200- /xl reaction mixture 
containing 40 units of restriction enzyme at an appropriate 
temperature. PFGE was carried out on CHEF-DR II mega- 
base DNA pulsed field electrophoresis system (Bio-Rad) in 0.5 
X TBE buffer (90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, 
pH 8.0). The ethidium bromide stained DNA was irradiated (300 
nm for 1 min) treated with acid (0.25 N HQ for 20 min) and 
transferred to Hybond-N + nylon membranes for visualization. 

Southern blotting was carried out in a hybridization buffer 
containing 6% polyethylene glycol (PEG 6000; Sigma) as 
described (29). Following high-stringency washing at 65°C in 
0.1 x standard saline citrate (SSC) plus 0.1% SDS, membranes 
were analyzed by autoradiography. 

Generation of STSs. STSs were generated by sequencing 
subcloned plasmids with universal primers (Table 1). Pilot 
experiments showed that each primer pair produced an am- 
plicon from J640-51 hybrid cells, but not from CHO cells. 

RESULTS 

Cloning of MTAP and an MTAP Pseudogene. By screening 
AFIX II phage and cosmid libraries with Pstl-EcoRl fragment 
of MTAP cDNA, two phage clones and one cosmid clone 
containing exons 5-8 were isolated, and the nucleotide se- 
quences of these four exons and their flanking regions were 
determined. The Pstl-Hincll fragment of cDNA was subse- 
quently used to rescreen the human chromosome 9-specific 
library, and one clone, A17-2, was found to contain exons 1-4 
(Fig. 1). A separate phage clone (subclone X4 from 
AMTAP25) contained sequences 91% homologous to exons 
2-7, but with stop codons (data not shown, but deposited in 
GenBank). This clone contained 23 bases matched to the 
coding sequence of exon 8. 

The protein-coding sequence of the MTAP gene was inter- 
rupted by seven introns (Fig. 2). Exon 1 encodes 11 amino acids 
and the 5' noncoding region. The sizes of exons 2-7 range from 
79 to 240 bp. The last (8th) exon encodes the C-terminal 1 2 amino 
acids and the 3' noncoding region. Intron 4 has the Sfil restriction 
site that was identified in phage clone AMTAP8 (Fig. 1). 

Separate DNA fragments containing MTAP cDNA, each 
exon, and the pseudogene were used for Southern blot analysis 
of £«?RI-digested DNA from human placenta and from YAC 
clones (data not shown). The size(s) of the EcoRl fragments 
containing each exon and X4 were as follows: 12 kb (exon 1), 
2 kb (exon 2), 1.3 kb (exon 3), 4.4 kb (exon 4), 8 kb (exon 5), 0.9 
kb (exon 6), 2.7 kb (exon 7), 0.7 kb (exon 8), and 3.5 kb (X4). 
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Fig. 1. The exon-intron organization of the human MTAP gene. 
The protein-coding regions of the MTAP cDNA are indicated by open 
boxes. The exons in the MTAP gene are numbered in Arabic and shown 
by solid blocks. The exact size of the seven introns are indeterminate. 
More detailed maps of A 17-2 and AMTAP8 were shown at the bottom. 
AMTAP1, cMII5, and PI -267 are phage, cosmid, and PI clones, 
respectively. E, EcoRI; H, Hindlll; He, Hindi; P, Pstl; S, Smal. 

The probe X4 detected the 3.5-kb EcoRl fragment in human 
placenta, but no fragment in J 640-51 ceils. Moreover, PCR was 
employed to amplify a 247-bp fragment from the MTAP 
pseudogene in human placenta, AMTAP25, and J640-51 cells 



by using primers corresponding to exon 2 and exon 4. The 
247-bp fragment was amplified from human placenta and 
AMTAP25, but not from J640-51 cells (Fig. 3). Taken together, 
these results indicate that X4 does not map to human chro- 
mosome 9 and is a pseudogene. 

Analysis of Malignant Cell Lines and Primary T-ALL 
Samples. Twenty-three MTAP-negative malignant cell lines 
were analyzed by exon-specific PCR and by Southern blot 
analysis of EcaRI-digested DNA (Table 2). Eighteen cell lines 
lack all exons, whereas four cell lines have a deletion break- 
point between exons 4 and 5. We also found partial or total 
deletions of the MTAP gene in one-third of primary T-ALL 
samples (A.B., unpublished data). As observed in cell lines, a 
deletion breakpoint in partial deletion in primary T-ALL 
samples occurred in intron 4 (Fig. 4C). These results indicate 
that the main mechanism for MTAP deficiency in malignancy 
is total or partial deletions of the MTAP gene. Recently, the 
nucleotide sequences at the breakpoint junctions in two glioma 
cell lines having deletions of band 9p21 were reported (30). In 
the Al 72 cell line, that was found to lack all exons of the MTAP 
gene and the centromeric members of the IFNA gene cluster, 
a tandem heptamer repeat was found on either side of the 
deletion breakpoint junction. The nucleotide sequence from 
the proximal side of the breakpoint revealed high homology to 
long interspersed nuclear elements. Although the possible role 
of sequence overlaps and repetitive sequences in the rear- 
rangement has been well known, it remains to be determined 
whether or not the same mechanisms reported are involved in 
the deletions of the MTAP gene in the enzyme-negative cells. 

The 7-2 probe, which contains exon 8 of MTAP, detected a 
180-kb Sfil band in DNA prepared from enzyme-positive 
normal lymphocytes (designated BJL) and J640-51 hybrids by 
PFGE. Except for DHL9, all enzyme deficient cells tested had 
no band hybridizing to probe 7-2. In T98G, however, a 



cc tggtctcgcactgctcactcccgcgcagtgaggttggcacagccaccgctctgtggctcgcttggttc 

+ 1 

ccc tag tcccgagcgcccgcccactgcagattcctcccccgcgcagacATGGCCTCTGGCACCACC ACTA EXON 1 

M A S G T T T 
10 20 

CCGCCGTGAAGgcgagatga -gctctta gATFGGAATAATTGGTGGAACAGGCCTGGATG EXON" 2 

T A V K intron 1 IGI IGGTGLD 

30 40 

ATCCAGAAATTTTAGAAG<5AAGAACTGAAAAATATGTGGATACTCCATTTGGCAAGgt taatatc 

DPEILEGRTEKYVDTPPGK intron 2 

50 

tgcatgcagCCATCTGATGCCTTAATTTTGGGGAAGATAAAAAATCTTGATTGCGTCCTCCTTG EXON 3 

PSUALI LGKIKNVDCVLL 
60 70 

CAAGg ta tgg Ztx c t tcca tagGCATGGAAGGCAGCACACGATCATGCCTTCAAAGGTCAACT EXON 4 

A R intron 3 HGRQHTIMPSKVN 

80 90 
ACCAGGCGAACATCI^GGGCTTTGAAGGAAGAGCCCTCTACAC^^ 

YQANIWAl, KEEGCTHVIVTTACGS 

100 no 

CTTGAGGGAGGAGATTCAGCCCGGCXSATATTGTCATTAT 

LREEIQPGDIVIIDOFTDR 

120 130 

attttg tagGACCACTATGAGACCTCAGTCCTTCTATGATGGAAGTCATTCTTGTGCCAGA EXON 5 

intron 4 TTHRPQS?YDGSHSCAK 
140 150 

GGAGTGTGCCATATTCCAATGGCTGAGCarTTTTGCCCCAAAACCAGAGAGgtg tg t agt 

GVCHI PMAEPFC PKTRE intron 5 

160 170 
Ctt t C c t a gGTTCTTATAGAG A CTGC T AAG AAGC TAGGACTCCGGTGCC ACTC AAAGGGGAC AATGGTC A EXCN 6 
VLIETAKKLGLRCHSKGTMV 
180 190 
CAATCGAGC<!ACCTCGTTTTAGCTCCCGGGCAGAAftGCT^ 

TIEGPRFSSRAESFMFRTWGAD V1 

200 210 
CAACATGACCACAGTTCCAGAGGTGGTTCTTGCTAA 

NMTTVPEVVLAKEAGICYAS I A H 
220 230 

GGCAC AGATTATGACTGCTGGAAGGAGC ACGAGGAAGCAg taggtgga tttctc t a gGTTTC EXON 7 

GTDYDCWKEHESA intron 6 V S 

240 250 
GGTGGACCGGGTCTTAAAG^CCCTGAAAGAAAACGCrAATAAAGCCAAAAGCTTACTGCTCACTACCATA 
VDRVLKTLKENANKAKSLLLTTI 
260 270 

CCrcAGATAGGGTCCACAGAATGGTCAGAAACCCTCCATAACCTGAAGgtoatgtgc tcctt 

PQIGS7EWSETLHNLK intron 7 

280 

tcagAATATGGCCCAGTTTTCTGTTTTATTACCAAGACATTAAAGTA GCATGGCTGC CCAGGAGAAAA EXON 6 
NMAQFSVLLPRH • 



Fig. 2. The DNA sequences of the protein-coding 
exons and their flanking regions in the human MTAP 
gene. The nucleotide sequences of eight exons are 
shown in uppercase letters, while those of flanking 
sequences are shown in lowercase letters. The sizes of 
exons 2-7 are 87, 79, 158, 103, 240, and 123 nucleo- 
tides, respectively. The deduced peptide sequence is 
shown below the coding exons and is numbered from 
the first methionine residue. The translation termina- 
tion codon TAA is denoted by an *. 
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Fig. 3. PCR analysis with primers from exons 2 and 4. PCR 
amplification was performed as described by using a sense primer 
(5'-ATATGTGGATACTCCATTTGGCAA-3') from exon 2 and an 
antisense primer (5 ' -CTGATCA ATA ATG AC A ATATCGCC-3' ) 
from exon 4. Lanes: I, DNA size marker (HaeXW digests of <£>X174 
DNA); 2, human placenta; 3, J640-51; 4, AMTAP25; 5, Chinese 
hamster ovary cells; 6, no template. 

rearrangement caused a shift in size of the normal 180-kb 
fragment to 110 kb (Fig. 4A). 

In Southern blots, the 7-2 probe hybridized to the 2-kb 
//mdlll band in enzyme-positive malignant cell lines as well as 
in human placenta. No band was detected in enzyme-negative 
malignant cell lines except for DHL9 (Fig. 4B). However, when 
£«?RI-digested DNAs from MTAP deficient cells were 
probed with total MTAP cDNA, at least one band was 
observed due to hybridization to the MTAP pseudogene (Fig. 
4C). Since exon 8 is always deleted in MTAP-deficient cells, 
MTAP deficiency can be diagnosed by Southern blotting with 

Table 2. Deletions of the MTAP exon in MTA 
phosphorylase-deficient cell lines 

MTAP exon 

Cell line 1 2 3 4 5 6 7 8 

Glioma 

A- 172 ________ 

H4 ________ 

Hs 683 -------- 

U-138MG - -- -- -- - 

U-87MG -------- 

Breast cancer 



MCF-7 


+ 


+ 


+ 


+ 










MDA-MB-231 


















Leukemia 


















BLIN-1 


















CEM 


+ 


+ 


+ 


+ 










DHL-9 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


HSB-2 


+ 


+ 


+ 


+ 










Jurkat 


















K-562 


















K-Tl 


















NALL-1 


















Lung cancer 


















A549 


+ 


+ 


+ 


+ 










SK-LU-1 


















SW-900 


















H292 


















Melanoma 


















Hs294T 



















Malme-3M ________ 

Bladder 
carcinoma 

RT4 ________ 

UM-UC-3 -------- 

Homozygous deletions of each MTAP exon were determined by 
PCR analysis and were confirmed by Southern blotting of EcoRI- 
digested DNA with the MTAP cDNA probe. +, Presence of DNA; 
homozygous loss. 
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probe 7-2. However, DNA may not be isolated from primary 
tumor tissues in a sufficient amount to perform Southern blot 
analysis. PCR assays for each exon, especially for exon 8, will 
be an alternative method for detection of MTAP deficiency. 

Previous results suggested that pl6-deficient T98G glioma 
cells have a deletion in the region between the MTAP and 
IFNA gene loci (13, 20). Based upon these previous findings, 
we have identified and localized the p!6 gene between these 
two loci (20). This issue was reexamined by PFGE of Sfil- 
digested DNA from YACs. 

Characterization of YAC Clones. To construct a more 
detailed physical map of the 9p21 region encompassing the 
MTAP gene, the pi 6 and pi 5 genes, and the IFNA gene cluster, 
a human YAC library was screened. Eight YAC clones ranging 
from 200 to 1400 kb were obtained with STSs IFNA8, 3.3B, 
71 F y TC3, and 7.7, followed by further analysis with other STSs 
(Table 3). YAC 802B11 was the most informative isolate. It 
contained STSs 1.1 (MTAP exon 4), 3.3B, IFNA8, and IFNB t 
but was negative with STSsTC3 (MTAP exon 5) through pl5xl 
(pl5 exon 1). Pulsed field gel analysis of YAC 802B11 showed 
a 120-kb Sfil fragment with the MTAP cDNA probe, 320 and 
160-kb Sfil fragments with the 3.3B probe, and three Sfil 
fragments (320, 120, and 80 kb) with the IFNA probe. The Sfil 
fragments detected with the 3.3 B and IFNA probes were 
identical to those observed in YACs 760C6, 760C7, and 761 A5. 
In these three YACs, which contain all exons of the MTAP 
gene, the MTAP cDNA probe hybridized to both the 150- and 
120-kb Sfil fragments. However, only the 120-kb fragment was 
detected in YAC 802B1 1 that contains exons 1-4 of the MTAP 
gene (Fig. 5). The first four exons in the 120-kb fragment are 
separated from the last four exons by a Sfil site in intron 4 (Fig. 
2). This hybridization pattern is different from that observed 
in normal lymphocytes, in which the MTAP cDNA probe 
mainly hybridized to 180- and 250-kb Sfil fragments. The 
250-kb Sfil fragment was detectable even in enzyme-negative 
cell lines, but was absent in the YACs containing MTAP exons. 
The Sfil blot shown in Fig. 4A was also reprobed with the X4 
probe. All enzyme positive and negative cells, except for 
J640-51, had the 250-kb Sfil fragment (data not shown). Thus, 
in common with the signal detected by MTAP cDNA in 
Southern blots of enzyme-negative cells (Fig. 4C), this 250-kb 
fragment was attributable to cross-hybridization of the probe 
to the MTAP pseudogene. The observed difference in the size 
of Sfil fragment containing exons 5-8 between genomic and 
YAC DNA (Figs. 4A and 5) was found to be artifactual, since 
the same 150-kb Sfil fragment was detected in norma! lym- 
phocytes and YAC 760C6 separated on the same pulsed-field 
gel following Sfil digestion. These results confirm that the first 
four exons of the MTAP gene reside in the 120-kb fragment and 
the last four exons in the 150-kb fragment. 

DISCUSSION 

The structural gene for MTAP on chromosome 9p is ^100 kb 
telomeric to the pJ6/MTSl gene (20) and contains eight exons 
and seven introns. Depending on cell type, plfS-deficient 
cancers have deleted all or part of MTAP at various frequen- 
cies (40% in melanomas, 57% in nonsmall cell lung cancers, 
71 % in gliomas, and 78% in leukemias) (unpublished data). No 
cancers have been found with MTAP deficiency without 
homozygous deletions of pi 6. These results suggest that the 
loss of MTAP in malignant cells is due to linkage between the 
MTAP and p!6 genes. 

MTAP deletions are difficult to detect by Southern blotting 
and PCR without information on the sequence and intron- 
exon structure of the genomic MTAP gene, because the MTAP 
pseudogene can produce a positive result. Although prelimi- 
nary Southern blotting experiments lead us to believe that 
MTAP was centromeric to pi 6 (20), detailed analysis of YAC 
clones, and of DNA separated in pulse-field gels, refuted this 
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Fig. 4. DNA analysis of the cell lines and primary T-ALL. (A) Pulse-field gel analysis. Sfil digests of DNAs from cell lines including normal 
lymphocytes and MTAP positive and negative malignant cell lines were fractionated by PFGE and then hybridized with the 7-2 probe containing 
exon 8 of the MTAP gene. Lanes: 1, normal lymphocytes; 2, J640-51; 3, U-87MG; 4, U-138MG; 5, U-373MG; 6, T98G; 7, H4; 8, Hs683; 9, CALU-1; 
10, CALU-6; II, A-549; 12, SK-LU-1; 13, SK-Mes-1; 14, T24; 15, UM-UC-3; 16, RT4; 17, RPMT-7951; 18, Malme-3M. Lanes 1, 2, 5, 6, 9, 10, 13, 
14, and 17 were MTAP-positive cells, whereas lanes 3, 4, 7, 8, 11, 12, 15, 16, and 18 were MTAP- negative cells. (B) Southern blot analysis. f/mdlH 
digests of DNAs were separated and hybridized with the 7-2 probe. Lanes: 1, human placenta; 2, NALL-1; 3, HSB2; 4, K-Tl; 5, CEM; 6, DHL9; 
7, BL1N1; 8, K562; 9, U-87MG; 10, U-138MG; 11, A172; 12, H4; 13, Hs 683; 14, A549; 15, SK-LU-1; 16, UM-UC-3; 17, RT4; 18, MCF-7; 19, 
Malme-3M; 20, T98G. All lanes but lanes 1 and 20 were MTAP-negative cells. (C) Representative Southern blot analysis of primary T-ALL. DNAs 
were digested with EcoRI and probed with MTAP cDNA. Although exon 1 was not detected in these samples by Southern blotting, three samples 
(lanes 1-3) were tested positive with PCR assay for exon 1. Lanes: 1 and 4, T-ALL samples with all intact exons; 2, T-ALL with deletions of exons 
4-5; 3, T-ALL with total deletions. E2-8, MTAP exons 2-8; P, a pseudogene. 



supposition. Furthermore, some malignant cell lines have 
homozygous deletions of both pl6 and MTAP, but retain an 
intact p!5 gene. Thus, the correct gene order on human 
chromosome 9p is pi 5-pl6-MTAP~IFNA from centromeric to 
telomeric. Accordingly, the deleted region in T98G is the 
region containing pi 6, centromeric to MTAP, but not the pre- 
viously proposed region between MTAP and IFNA gene loci. 

If the loss of MTAP is due solely to linkage to pi 6, the 
abnormality should have the same frequency in pl6-deficient 
cancers arising from different cell types. More than 70% of 
homozygous pi 6 deletions in gliomas, and 50% of the deletions 
in T cell leukemias, include MTAP (20). In contrast, MTAP 



deficiency is uncommon in melanomas with pi 6 deletions (20). 
A possible explanation for the difference is that a second gene 
on chromosome 9p confers a survival advantage to pl6- 
deficient gliomas and leukemias, but not to melanomas. The 
second gene is unlikely to be IFNA, since many pi 6 deficient 
cell lines have an intact IFNA gene cluster. 

Deletions of the p!6 gene in some primary cancers are 
apparently much more frequent than intragenic mutations 
(21-26). It is conceivable that structural features of the p!5/ 
pl6/MTAP loci facilitate recombination, perhaps due to 
repetitive sequences. Deletions would also be favored if the 
loss of two genes produced a greater survival advantage than 
a deficiency of pl6 alone (21). 



Table 3. Analysis of YAC clones by PCR and Southern blot hybridization 



Markers 



YAC 


Size, kb 


pl5xl 


71 F 


pl6xi 


2F 


3.21 


ex8 


ex7 


ex6 


ex5 


ex4 


ex3 


ex2 


exl 


3.3B 


IFNA8 


IFNB 


759B7 


900 




+ 


+ 


+ 


+ 


+ 






















760C6 


1200 




+ 


+ 


+ 


+ 


+ 


+ 


+ 




+ 


+ 


+ 


+ 


+ 


+ 




760C7 


1200 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 




+ 


+ 


+ 


+ 




802B11 


1400 




















+ 


+ 


+ 


+ 


+ 


+ 


+ 


761 A5 


1100 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 




735B2 


200 




















+ 


+ 


+ 










735H8 


500 


+ 


+ 


+ 


+ 


+ 
























660H9 


840 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


+ 













Homozygous deletions of each marker in YAC clones were detected by PCR and Southern blot analyses. IFNB is telomeric and pl5xl is 
centromeric. Markers pl5x 1, pi 6x1, and exl -8 are exon 1 of the pi 5 gene, exon 1 of the pi 6 gene, and exons 1-8 of the MTAP gene. Other markers 
were described in ref. 20. +, Presence of DNA; homozygous loss. 
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IFNA 3.3B MTAP cDNA 



Fig. 5. Pulse-field gel analysis of YAC clones with probes IFNA, 
3.3B, and MTAP cDNA. Sfil digests of YAC DNA were fractionated 
by PFGE and then hybridized with the indicated probe. The probe 
IFNA is cDNA and the probe 3.3B is the 1.4-kb EcoRI fragment 
containing an internal Sfil site derived from the IFNA -positive YAC 
clone. Lanes: 1, 761 A5; 2, 760C6; 3, 760C7; 4, 660H9; 5, 802B11; 6, 
735H8; 7, 759B7; 8, 735B2. 

MTAP deficiency is a simple marker for a chromosome 9p 
deletion because normal cells contain abundant enzyme pro- 
tein. Normal cells reconvert MTA to adenine nucleotides and 
methionine, whereas MTAP-deficient tumor cells have lost 
these salvage pathways. As such, cancers with deletions of 
MTAP gens may be especially susceptible to chemotherapeutic 
regimens that interfere with purine or methionine utilization 
(1, 9). In addition, MTA, the substrate for MTAP, is a natural 
inhibitor of 5-adenosylmethionine-dependent transmethyla- 
tion reactions (3). It is conceivable that even a transient 
disturbance in DNA methylation could promote the progress 
of a malignant tumor. 

The assessment of MTAP deficiency in gliomas, lung can- 
cers, leukemias, and other cancers could have diagnostic and 
prognostic value. MTAP deficiency is mainly caused by partial 
or total deletions of the MTAP gene not only in cell lines but 
also in primary tumors. Our work presented herein will facilitate 
the development of molecular diagnosis of MTAP deficiency and 
understanding of molecular mechanisms of this deficiency. 
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